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Abstract—Minimum Departure Interval (MDI) and Miles-In-
Trail (MIT) are common traffic management tools. They both
require minimum separation between departures to meet specific
traffic conditions. The MDI restriction is a time separation
requirement between departures, usually on the same Standard
Instrument Departure (SID), whereas the MIT restriction is a
distance separation requirement between aircraft, including but
not limited to departure flights, to meet specific criteria associated
with flight path or destination. At Incheon International Airport
(IATA code: ICN) in South Korea, MDIs are imposed on 92% of
departure flights. They involve specific criteria including not only
having identical SID, but also satisfying other conditions, imposed
on the flight path and destination. To address complicated MDI
constraints, Korea Aerospace Research Institute (KARI) has been
developing and improving a tactical scheduler for surface
metering at ICN to provide appropriate target times for
pushbacks and takeoffs for departure flights under MDIs. This
paper describes the MDI requirements at ICN, the development of
a heuristic scheduling algorithm to work with the MDI
restrictions, and the performance evaluation of the algorithm
through fast-time simulations. The performance evaluation
results indicate that the proposed heuristic algorithm can provide
the surface metering schedules that comply with the MDI
restrictions without significant performance degradation.

Keywords—surface metering, DMAN (Departure Management),
TMIs (Traffic Management Initiatives), MDI (Minimum Departure
Interval)

I. INTRODUCTION

Airport surface metering through collaborative decision
making is one of the strategies of modern air traffic management
to help improve airport efficiency and predictability.
Determining Target Take-Off Time (TTOT) under Traffic
Management Initiatives (TMI) constraints is one of the key
surface metering capabilities that requires coordination among
Traffic Management Units (TMU), such as those at the Airport
Tower, Area Control Center and Air Traffic Flow Management
(ATFM) Center. TMISs help balance the traffic demand against
the capacity by managing traffic flow into a constrained
airspace. For example, ATFM TM], such as the Ground Delay
Program, assigns affected departures a Calculated Take-Off
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Time (CTOT) before pushback due to strategic downstream
constraints such as a congested destination airport[1]. The
Minimum Departure Interval (MDI) and Miles-in-Trail (MIT)
constraints, on the other hand, impose the minimum separations
on departures sharing the same Standard Instrument Departure
(SID) or departure fix. MDI is a time-based separation between
departures on the same SID [2]. MIT is a distance-based
separation requirement between aircraft departing an airport,
over a fix, at an altitude, through an airspace sector, on a specific
route, or arriving at an airport [3, 4].

Incheon International Airport (IATA code: ICN) is located
in Incheon Flight Information Region (FIR) of South Korea.
Incheon FIR is surrounded by three foreign FIRs [5], and each
FIR has its own control authority. As one of the hub airports in
East Asia, ICN handled an average of 1,053 flights per day in
2018, and 99% of them were international flights [6]. Because
of the vast international traffic, departure flights to particular
regions are concentrated at certain times of day, depending on
the locations of the destination airports [5]. Minimum
separation requirements are imposed on departure flights from
ICN to prevent the traffic volume from exceeding the capacity
of one or more departure route. Specifically,

e the traffic flow rates at Incheon FIR boundary are
negotiated and agreed upon between the adjacent FIR
control authorities; and

o the outbound traffic flow constraints at Incheon FIR have
a strong impact on the departure times at ICN because of
its short distance to the FIR boundaries, and heavy traffic
volume of international flights handled by ICN.

In accordance with the agreement with the adjacent FIRs, the
rules to determine whether to impose a separation constraint on
a departure flight are based not only on the departure fix or SID,
but also on the details of full flight routes, such as FIR exit fix,
route, destination area, and airport. The separation requirement,
however, is given as the required minimal time separation
between departures, hence is classified as an MDI restriction. A
detailed description of the MDI restrictions at ICN will be
provided in Section IL.



In addition to the MDI restrictions, ICN has started to
implement Airport-Collaborative Decision Making (A-CDM) to
support efficient decision making with all the stakeholders in
airport operation since 2017 [7]. This implementation is planned
to take place in three phases. In the Phase-1, which started Dec.
2017, sharing basic A-CDM milestones [8] with the
stakeholders through the information sharing platform of ICN
will be accomplished. Phase-2 is planned to provide the
enhanced TTOT and Target Start-up Approval Time (TSAT),
taking the MDI restrictions into consideration, to the
stakeholders in 2020. The goal of the last phase, Phase-3, is to
improve overall automation performances. Since 2014, Korea
Aecrospace Research Institute (KARI) has been conducting a
research project titled, Management on Integrated operations of
Departure, Arrival, and Surface traffic (MIDAS). The MIDAS
project includes KARI’s research collaboration with NASA on
surface and terminal area scheduling technologies. In 2017,
Incheon International Airport Corporation (ITAC) and KARI
signed an agreement to work together towards developing and
testing new surface metering capabilities to provide A-CDM an
information sharing platform with the enhanced TTOT/TSAT to
support the MDI restrictions. In 2018, KARI installed a
prototype decision support tool developed in the MIDAS project
in the Air Traffic Control (ATC) Tower at ICN. The prototype,
named as MIDAS Main Processor (MMP), has several
subsidiary functionalities for field evaluation in ICN, including
an external interface with the A-CDM information sharing
platform, airport surface surveillance data processing, and
variable taxi time prediction using aircraft position data from the
surveillance data processing module. The main capability,
however, is the tactical scheduling for surface metering that
meets the TMIs (CTOT and MDIs) given user decisions such as
Target Off-Block Time (TOBT) updates or TTOT/TSAT inputs
for a particular aircraft, where TOBT is the time that departing
aircraft will be ready for pushback, which is estimated by Flight
Operators or Ground Handler [8].

This paper describes the development and validation of a
tactical runway scheduling algorithm implemented in the MMP.
Runway scheduling with MIT/MDI conditions has been studied
in [9-12]. MIT/MDI and CTOT were also considered in the
authors’ previous study [13], and the Mixed Integer Linear
Programming (MILP)-based optimization results [13] were
compared with the results of First Come, First Served (FCFS)-
based scheduling algorithm in [14]. Because of the complexity
of the MDI restrictions actually applied in ICN, this paper
introduces a heuristic algorithm for better computation time
performance of the MMP in field evaluation. The heuristic
algorithm introduced in this paper is based on the FCFS-based
scheduling algorithm in [14], and further includes a greedy style
decision making that selects the aircraft which can take off the
earliest, in order to make the appropriate takeoff sequence
satisfy the MDI restrictions while minimizing the runway idle
time. Furthermore, the MDI restrictions given in plain text
formats were formulated into a table form for the software
implementation. Users can easily change the MDI or add a new
one using this table format. The scheduling results of the
heuristic algorithm were validated and compared with the
MILP-based optimization results through fast-time simulations.

The organization of this paper is as follows. After the
description of the MDI restrictions at ICN is provided in Section
I1, the heuristic algorithm for runway scheduling is formulated
in Section III. The set-up for the fast-time simulation is
described in Section IV. The simulation results and discussions
are provided in Section V, and Section VI concludes the paper.

II. MDI RESTRICTIONS AT ICN

A. Operational Environment of ICN

As mentioned earlier, the traffic flow restrictions at the
Incheon FIR boundary are based on the bilateral agreement with
an adjacent FIR control authority. The default value of the
minimum separation between flights bound for a certain area is
based on the agreement. Fig. 1 depicts the Incheon FIR and ICN
located inside the FIR, as well as the restricted areas (colored
polygons). As shown in the map, ICN has short distances to the
FIR exit fixes (colored triangles) at the FIR boundary [5] and is
surrounded with many restricted areas. There is not enough
airspace to allow an airborne flight time buffer from ICN to the
FIR boundary. To address this issue, the MDI restrictions are
imposed on ICN departures to manage the flow rates at the FIR
boundary.
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Fig. 1. Incheon FIR and Incheon International Airport (ICN)

B. MDI Specifications

The original MDIs were expressed in a plain text form,
which is not fit to serve as input to a software module. To
resolve this problem, we reformulated the MDIs in a
standardized expression as shown in TABLE 1. The format,
explained in the next paragraphs, was developed based on the
historical MDI specifications in text form and in consultation
with Subject Matter Experts (SMEs) on ICN.

TABLE I lists the MDIs that all of the departures from ICN
need to comply with in the absence of any further requirements.
The FIR exit fixes in TABLE I are shown in Fig. 1, depicted as
triangles. In TABLE I, “Conditions” are the criteria to
determine whether to impose the minimal separation time



TABLEL DEFAULT MDI RESTRICTIONS OF ICN (2018)
Conditions Separation Requirement Activation Schedule
Destinations Default Additional
MDI Flight A Flight B FIR exit Mm. Sf‘urt E.'mi
No. fix Route Tope Value Pattern time Dates time time
Area A ir[mrta Area Airport yp (sec) span uro) UrQ)
(Sec)
. . ATOTV/
1 Northeast Asia - Northeast Asia - MUGUS - TIME 180 - - - - -
. . ATOTV/
2 Northeast Asia - Southeast Asia - MUGUS - TIME 180 - - - - -
. . ATOTV/
Kok ok Kok ok _ _ _ _ - -
3 Southeast Asia | V Southeast Asia | V MUGUS TIME 360
. . ATOTV/
*okk *okk _ _ _ _ - -
4 Southeast Asia | W Southeast Asia | Wi MUGUS TIME 360
. . ATOTV/
%k %k - - - - - -
5 Southeast Asia | RP Southeast Asia | RP MUGUS TIME 360
. . ATOTV/
kkk %k - - - - - -
6 Southeast Asia | W Southeast Asia | RP MUGUS TIME 360
. . ATOTV/
kskok kkk - - - - - -
7 Southeast Asia | V Southeast Asia | Wi MUGUS TIME 180
. . ATOTV/
Kok ok 5k _ _ _ _ - -
8 Southeast Asia | V Southeast Asia | RP MUGUS TIME 180
9 - - - - RUGMA - TIME 180 - - - - -
10 - - - - LAMEN - TIME 360 - - - - -
ATOTV/ (See
MUGUS/ WAKE
B - - - © |LAMEN/| T _TIME TAI]IE'LE - - - - -
RUGMA )
LANAT/
12 JAPAN - JAPAN - KANSU/ - TIME 180 - - Everyday | 00:00 24:00
ANDOL
LANAT/
13 JAPAN - North America - KANSU/ - TIME 180 - - Every day | 00:00 24:00
ANDOL
LANAT/
14 North America - North America - KANSU/ - TIME 180 - - Every day | 00:00 24:00
ANDOL
15 North America - North America - LANAT - TIME 360 - - Every day | 23:00 (-%1—11 d(;(;)
16 North America - North America - ANDOL - TIME 360 - - Everyday | 23:00 (-%1—11 d(;(;)
17 North America - North America - KANSU - TIME 360 - - Everyday | 23:00 (-%1—11 d(;(;)
18 North America - North America - LANAT - TIME 180 D-D-D-D | 720 | Every day 11:00 23:00
19 North America - North America - ANDOL - TIME 180 D-D-D-D | 720 | Every day 11:00 23:00
20 North America - North America - KANSU - TIME 180 D-D-D-D | 720 | Every day 11:00 23:00
21 China - China - AGAVO - TIME 180 - - Everyday | 00:00 24:00
22 China - Europe - AGAVO - TIME 180 - - Everyday | 00:00 24:00
23 Europe - Europe - AGAVO - TIME 300 - - Every day 00:00 24:00
APELA/ . .
24 Japan - Japan - BESNA - TIME 180 - - Every day 00:00 24:00
25 Domestic - Domestic - AS582 TIME 120 - - Every day | 00:00 24:00
. . APELA/ . .
26 Oceania - Oceania - BESNA TIME 360 - - Every day 00:00 24:00

requirement (henceforth called, the “Separation Requirement”)
on a departure flight according to the combination of the
destination areas and airports, and the departure fixes of the
flights. We give two examples of how the MDIs No. 3-8 in
TABLE I are applied:

e Iftwo departures are bound for the Southeast Asia region
and they are going through the FIR exit fix, ATOTI or
MUGUS, the minimum separation requirement between

*ICAO airport code

b WAKE_TIME: Time separation based on the wake turbulence categories of aircraft

their takeoff times should be either 360 or 180 seconds,
depending on their destination airports.

o If one flight is going to the destination airport, that has
an ICAO code starting with “W” (e.g., WIII, Soekarno-
Hatta International Airport in Indonesia), and the other
flight is going to an airport with an ICAO code starting
with “RP” (e.g., RPLL, Manila International Airport in
Philippines), then the minimum separation between their



takeoff times will be 360 seconds, as given in the MDI
No. 6 case in TABLE L.

For the MDI No. 11 criterion, the required minimum separation
between the takeoff times of any pair of the south-bound
departures  going  through the FIR exit fixes,
ATOTI/MUGUS/LAMEN/RUGMA, depends on the wake
turbulence categories of the aircraft. The minimum time
separation based on the wake turbulence categories of aircraft in
MDI No. 11 criterion is given in TABLE II. In contrast to the
runway separation for consecutive takeoffs in [13], larger
separation is required when larger aircraft follow smaller aircraft,
because of the difference between their cruise speeds.

TABLE II. MINIMUM SEPARATION REQUIREMENTS (SECONDS) OF THE MDI
No.11 NTABLEL

Following aircraft
Light Medium Heavy fIZZ i;
Light 120 180 180 180
Leading Medium 120 120 180 180
aircraft Heavy 120 120 120 180
Super Heavy 120 120 120 120

Each MDI in TABLE I has its own activation schedule. For
example, departure flights bound for North America through the
FIR exit fix, LANAT, should comply with MDI No. 18 criterion
from 11:00 to 23:00 (UTC) and MDI No. 15 criterion for the rest
of the day. In the TABLE I column, “Separation Requirement”
has two sub-columns, “Defaulf” and “Additional,” which
correspond to two different types of the minimum separation
requirements. The “Default” requirement is the minimum
separation between any pair of aircraft which meet the MDI
conditions. The “Additional” requirement is the minimum time
span required for the takeoff times of a sub-group of aircraft
which meet the MDI conditions. For instance, the minimum
separation between any pair of departures bound for North
America flying through LANAT is 180 seconds, whereas the
minimum time span between the first and last takeoff times of
any four departure flights (D-D-D-D) meeting the conditions of
MDI No. 18 case should be 720 seconds. Note that this
separation is greater than three times the default separation.

Based on the bilateral agreements with the adjacent FIR
control authorities, the MDI application criteria as well as the
minimum separation values may also change depending on their
requests. TABLE III shows the example of MDI expression,
which was a tentative MDI execution request actually given by
ATFM center in Korea, whereas Fig. 2 is the original expression
of the same MDI request in plain text form.

TABLE III. EXAMPLE OF MDI EXPRESSION IN THE TABLE FORM

Conditions Sepa.ratmn
Requirement
Destinations
; N FIR exit Value
Flight A Flight B fix Route Type (sec)
Area | Airport | Area | Airport
VV**/ VYV
ATOTl/ N892
WM**/ WM**/ N TIME 720
Wk W | MUGUS | KABAM

In TABLE II1, the fix “KABAM” in the “Route” column is the
entering fix to the Manila FIR using the N892 route. Inthis MDI
formulation, routes can be given as the names of the actual
airways or fixes which can be included in the route of the flight
plan.

Separation Requirement: minimum 12min separation
between aircraft entering Manila FIR using the route
N892, and landing on the airport VV** WM** WS**

Applied time: 2018.06.28 00:40~17:00 UTC (FIR
BOUNDARY FIX/MUGUS, ATOTI)

Reason: bad weather

Fig. 2. Example of a MDI execution request in plain text form

C. Multiple MDIs Imposed on a Single Aircraft

The overlapping rules of the MDI restrictions result in a high
probability that one aircraft may be subject to up to several
MDIs simultaneously. For instance, a departure flight going to
the destination airport starting with “V”” in Southeast Asia has to
comply with MDI criteria No. 3, 7, 8, and 11 in TABLE I
simultaneously. If we let this departure flight be the “Flight A”,
the counterpart departure flight, “Flight B” of each MDI
condition, are all different depending on the MDI criteria. Fig.
3 shows the number of departures over time on October 11, 2018,
a typical day having only the default MDIs. The flight data on
this date are also used to generate the fast-time simulation
scenario in Section V. The “MDI Departures” denotes the
number of departures that should meet at least one MDI
restriction, and “Multi-MDI Departures” denotes the number of
departures that should comply with two or more MDI
restrictions. The MDI restriction that each departure flight had
to comply with was counted when there was one or more
counterpart aircraft that had to comply with the same MDI
restriction and the time difference between their Unimpeded
Take-off Times (UTOT) [15] is less than one hour. A total of
92% of departures had to comply with at least one MDI
restriction, and 90% of them had to comply with multiple MDI
restrictions simultaneously. The increase in MDI restrictions
and their complexity present a challenge to the departure
scheduling.
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Fig. 3. MDI Departure Rate Variation on October 11, 2018.

III. RUNWAY SCHEDULING WITH MDI RESTRICTIONS

As in the previous study [4], the tactical surface scheduling
at ICN was handled here using the same three-step approach [8,
13-14] namely:



1) Taxi-out time prediction: obtain the unimpeded taxi-out
time of each departure.
2) Runway scheduling for takeoffs:

a) calculate the UTOT for each departure flight based on
the TOBT and the unimpeded taxi-out time from step 1.

b) calculate the TTOT of each departure flight, taking
into account the CTOT, MDIs and runway separations.

3) Taxiway scheduling: determine the TSAT for delivering
the aircraft to the runway to meet the TTOT calculated in step
2.

This section is a description of the algorithm for runway
scheduling that incorporates the MDI restrictions.

As shown in Fig. 4, ICN has three runways; RWY 33L/15R,
33R/15L, and 34/16. The two runways, RWY 33L/15R and
33R/15L, are exclusively used for departures and arrivals,
respectively [13], while the RWY 34/16 is used for both
departures and arrivals. Because of the short distance (400m)
between the two runways, RWY 33L/15R and 33R/15L, the
same wake turbulence runway separation rules used for a single
runway with mixed mode operation is imposed[13]. The MDI
restrictions should be met regardless of the takeoff runways,
whereas the runway separations should be imposed on the pairs
of departures that take off from the same runway. For
determining the TTOTs that comply with the MDI restrictions
and the runway separations simultancously, a greedy type
algorithm depicted as follows was developed.

Fig. 4. Airport Configuration of ICN

For an easy explanation of the algorithm, the following terms
are defined:

e DEP: a set of departure aircraft of which TTOTs need to
be determined.

e SCH: a set of past runway usages including aircraft
takeoffs and landings.

e DEP_USER: a set of departure aircraft having TTOTs
given by the users.

e DEP_CTOT: a set of departure aircraft having CTOTs.

e DEP_TTOT: a set of departure aircraft having TTOTs
assigned. Initially, an empty set.

e AvailTime : a set of time slots available for TTOT of a
departure.

e BlockTime : a set of time slots not available (blocked)
for TTOT of a departure.

e F;: arrival or departure flight 7.

e D;: departure flight i.

The pseudo-code in TABLE IV describes the runway
scheduling algorithm implemented in the MMP.

TABLE IV. PSEUDO-CODE OF THE RUNWAY SCHEDULING ALGORITHM

Pseudo code of the runway scheduling algorithm

Input: the sets of DEP, SCH, DEP_USER, DEP_CTOT
Output: TTOT of each aircraft in DEP, DEP_USER, and DEP_CTOT

1 for each departure, D; in DEP_USER,

2 Assign TTOT of D; as given by user.

3 Put D; into DEP_TTOT.

4 end

5 while no aircraft is remained in DEP_CTOT,

6 for each departure aircraft D; in DEP_CTOT,

7 Assign initial AvailTime of D; as [CTOT — 5min, CTOT + 10min].
8 for each departure aircraft Dj in DEP_TTOT,

9 Generate BlockTime of D;, for the runway separation with D;.

10 Update AvailTime by blocking times using BlockTime.

11 end

12 for each past runway usage F; in SCH,

13 Generate BlockTime of D;, for the runway separation with Fj.
14 Update AvailTime by blocking times using BlockTime.

15 end

16 minTTOT = min(AvailTime)

17 end

18  Select Dyjrs (€ DEP_CTOT) with the earliest minTTOT.
19 Assign TTOT of Dy as its minTTOT.

20 Put Dgjpgy into DEP_TTOT.

21 end

22 while no aircraft is remained in DEP,

23 for each departure D; in DEP,

24 Assign initial AvailTime of D; as [UTOT, UTOT + Max Gate Hold].
25 Do Line 8 - Line 15 for D;.

26 for each departure Dj in DEP_TTOT U SCH,

27 Generate BlockTime of D; for the MDI separation with D;.

28 Update AvailTime by blocking times using BlockTime.

29 end

30 minTTOT = min(AvailTime)

31 end

32 Select Dyjre (€ DEP_CTOT) with the earliest minTTOT.
33 Assign TTOT of Dy as its minTTOT.

34 Put Dy into DEP_TTOT.

35 end




As inputs, the sets of DEP, SCH, DEP_USER, DEP_CTOT
and the relevant information of each departure flight in the sets
are required. A departure aircraft in DEP_USER has the TTOT
assigned by users. This is a mechanism for the user to override
the scheduling results and one of the user requirements as a
provision against various unusual situations, such as unexpected
delay of an aircraft during pushback and taxi-out, or tactical
requests by the Area Control Center that control the departure
aircraft from ICN and other airports (e.g. Gimpo International
Airport, ICAO Code: GMP [5]) in the Seoul Terminal
Maneuvering Area. The output is the TTOT of each departure
aircraft in DEP, SCH, DEP_USER, and DEP_CTOT. The
algorithm assigns TTOTs of departure flights in DEP_USER,
DEP_CTOT, and DEP in order. Note that the CTOT of a
departure aircraft in DEP_CTOT is given as a time range from
CTOT - 5 minutes to CTOT + 10 minutes, in which TTOT can
be assigned, whereas the TTOT of a departure aircraft in
DEP_USER is assigned to its exact TTOT given by users.

For assigning TTOTs to each departure aircraft in the groups
of DEP_CTOT and DEP, the algorithm incorporates a greedy
style decision making that selects the aircraft which can take off
the earliest while complying with all required separations. The
earliest possible takeoff time of each departure aircraft, denoted
by minTTOT, is determined as the minimum value of available
times for TTOT to meet all required separations with the past
runway usages in SCH and the other departure flights in
DEP_TTOT that have TTOT assigned. For the calculation of
the minTTOT in Line 18 and 32, the available time slot concept
from [14] was used. The initial available time slot for departure
aircraft is assumed as Line 24, but it can be blocked by the
runway usage times of other flights in DEP_TTOT and SCH.
The minTTOT is calculated as the minimum time value of the
remaining available time slots. Max Gate Hold denotes the
maximum gate holding time allowable for each departure
aircraft, and the value is provided by the users. In the MMP for
ICN, the value is determined by the airport adaptations directly
accessible to the users. The time value of Max Gate Hold in the
MMP prototype installed at ICN ATC Tower is set to two hours,
since it is recommended that a new flight plan with the updated
departure time be filed for the aircraft with more than two hours
of expected delay. If the initial available time slot becomes
empty due to the separation requirements with the runway
usages in SCH and DEP_TTOT, the MMP provides a warning
to the users, in order to let them take an appropriate action.

IV. SETUP FOR FAST-TIME SIMULATION

Fast-time simulations were used to evaluate the MMP’s
scheduling capabilities under MDI restrictions. The
simulations were run using NASA’s SOSS [16] software.

A. Simulation Scenario and Separation Requirements

1) Simulation Scenario

One of the departure demand peak hours at ICN [5] was
selected for traffic scenario generation, and the actual operation
data on October 11, 2018 between 0900 and 1040 hours in local
time were used. There are 65 departure flights and 17 arrival
flights in the scenario. All of the arrival flights land on RWY
33R, while 26 and 39 departure flights take off from RWY 33L
and 34, respectively. Pushback ready times of the departure
flights are assumed to be the same as the TOBTs in the actual
operation data, and landing times of arrival flights in the
simulation are also set by the actual landing times. Among the
65 departures in the scenario, 63 departures are subject to MDIs,
and 58 of them to multiple MDIs.

2) Separation Requirements and Scheduling Parameters
The MDI restrictions in the simulation are assumed to be the
same as the default MDI restrictions given in TABLE 1. The
runway separation between consecutive departures, and the
runway occupancy times are shown in TABLE V and VI,
respectively, which are the same as those of the previous study
[13]. The runway separations between an arrival and a
departure, and a crossing aircraft, are assumed to be 10 seconds
longer than the runway occupancy time of the preceding aircraft
to be conservative. In the fast-time simulation, the Maximum
Gate Hold Time was given as 4 hours, to give enough time slots
for the scheduling in the MMP. This is because we did not want
to implement the procedural actions that can be taken when all
available time slots are occupied, such as updating TOBT, in the
fast-time simulation.

TABLE V. RUNWAY SEPARATION BETWEEN DEPARTURES (SEC) [13]
Following aircraft
. . Super
Light Medium Heavy Heavy
Leading Light 120 120 120 120
aircraft Medium 180 120 120 120
Heavy 180 180 120 120
Super Heavy 180 180 120 120
TABLE VI RUNWAY OCCUPANCY TIMES (SEC) [13]
Light Medium Heavy Super Heavy
Arrival 80 52 45 45
Departure 85 57 50 50
Crossing 30 30 30 30

B. Software Set-ups

SOSS is capable of providing the external scheduler module
with the current positions of aircraft on the airport surface, and
controlling the surface movements of aircraft with the results
from the scheduler module during the simulation [16]. The
separation requirements among the runway operations (arrival,
departure and runway crossing) are incorporated in SOSS. It is
also able to impose MIT restrictions on the aircraft that will pass
through the specified departure fixes. However, the particular
MDI conditions applied to ICN are not enforced in SOSS. The
MMP installed in ICN tower is capable of providing both TSAT
and TTOT to the users, but since the purpose of the fast-time
simulations in this study is to evaluate the MMP’s surface
metering capability that calculates the appropriate gate holding



times taking into account the MDI restrictions, it has to be
assumed that all MDI restrictions are enforced along with the
runway separations in a fast-time simulation. The simulation
functions required for this assumption are implemented by
splitting the MMP functions of providing TSATs and TTOTs
into two separate external modules that interact with SOSS as
follows.

Fig. 5 depicts the configuration of the software setup for fast-
time simulation. In this configuration, MMP-1 is the scheduler
that provides SOSS with TSATs as the appropriate pushback
times of aircraft for surface metering. MMP-1 uses the
pushback ready times in the scenario as TOBTs, and determines
TSATs by the scheduling algorithm described in Section III.
Once aircraft starts pushback at TSAT determined by the MMP-
1, the rest of the surface movement is simulated by SOSS until
the aircraft reaches the departure runway threshold. The MMP-
2 provides SOSS with the Take-Off Clearance Time (TOCT). If
the TOCT provided by MMP-2 is later than the time when the
aircraft is ready to take off, SOSS will hold the aircraft takeoff
roll until the given TOCT. The TOCT calculated by MMP-2 is
to mimic the takeoff clearance of the local controller and comply
with the MDI restriction with the aircraft that took off a head of
the aircraft. The MMP-1 continuously updates estimated
runway arrival times of departure flights (TTOTs) based on the
situation on the surface, which affects the TSATSs of the aircraft
at gates. Without MMP-2, the aircraft may take off as soon as
they arrive at the runway threshold with the minimum runway
separation restriction. In this configuration, MMP-1 and MMP-
2 are exactly same software, except that MMP-1 provides only
TSAT to SOSS whereas MMP-2 provides SOSS with only
TOCT. The TOCT from MMP-2 is calculated in the same way
with TTOT calculation using current aircraft position data in the
MMP scheduling module. There is no data connection between
MMP-1 and MMP-2, and both MMPs are working
independently of each other.

Aircraft
Position
Scheduler [« SOSS
(MMP-1)
TSAT
TOCT
Aircraft (Takeoff
Position Clearance
Time)
L MMP-2

Fig. 5. Software Configureation and Data Flows in the Fast-time Simulation

V. SIMULATION RESULTS AND DISCUSSIONS

In addition to the simulation with the surface metering
scheduler, two more simulations were conducted using SOSS
for comparison purposes, which are ‘Baseline’ and ‘MILP’. The
Baseline represents current day operations so that the aircraft
push back whenever they are ready for pushback and take off in
accordance with the MDI restrictions. The MILP is the same as
the surface metering concept proposed in this study so that
aircraft push back at the given TSATs and take off in accordance
with the MDI restrictions. The TSATs of the MILP model,

however, were obtained by optimization with the MILP-based
models for runway and taxiway scheduling in the previous study
[13], which incorporate the MDI restrictions included in the
separation constraints of runway scheduling.

The fast-time simulation results are presented in Fig. 6-17.
In these figures, ‘MMP’ denotes the case where the MMPs were
used as the surface metering scheduler working interactively
with SOSS as illustrated in Fig. 5. On the other hand, ‘MILP’
represents the simulation, where the TSATs from the MILP-
based optimization [13] were used for pushback clearance times,
without aircraft position updates from SOSS. In the MILP-
based optimization model [13], we need a detailed model based
on a node-link model representing ICN airport layout for the
surface movement of aircraft. More specifically, the relative
sequences and runway usage times for takeoffs, landings and
runway crossings are modelled and computed as the decision
variables in runway scheduling. Also, the passage sequences
and times at all intersections along the taxi routes on the node-
link model are incorporated as the decision variables in taxiway
scheduling of the MILP model.

Fig. 6 illustrates the reduction of taxi delays found in the
simulation. The result shows that the total delay has been
reduced in both MILP and MMP cases compared with the
baseline case, and most of the taxi delay was translated into gate
holding time. All of the 17 arrivals in the simulation scenario
had to cross the departure runway RWY 33L after landing in
order to go to their gates. There are also three departure flights
from cargo ramps that had to cross the arrival runway RWY 33R
to go to the departure runway RWY 33L. The expected times
of arrival landings and travel times to the runway crossing points
of both arrival and departure flights were given as static values,
and all of them were considered as constraints in the runway
scheduling of MILP. As a result, the departures tend to be held
at the gates longer than those in the MMP case. For the MMP,
the expected times of arrival landings were given and used for
the runway scheduling, but the information about the runway
crossings were not given. The runway crossings, which were
unknown in the runway scheduling, might have the same effect
as surface movement uncertainties, and could cause the longer
taxi delay in the MMP case.
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Fig. 6. Summation of Delay Times

Figs. 7-10 depict the variations of runway traffic demands of
the simulation scenario and the runway departure queues of the
simulation results. For a better understanding of the queue
variations, Figs. 7 and 9 depict the traffic demands on each
runway, counted as a number of flights ready for landing,
runway crossing and takeoff within every 5-minute time bin. A



departure flight was assumed to be ready to take off atits UTOT.
The departure queue variations are illustrated in Figs. 8 and 10,
where the departure queue size is the number of aircraft which
have stopped in the movement area and the runway line-up area
during each 2-minute time bin. The departure queue lengths of
the Baseline in Figs. 8 and 10 are slightly behind the departure
demands in Figs. 7 and 9 and have similar tendency. This is
because the departures in the Baseline case pushback exactly
when they are ready and runway departure queues build up
quickly at a similar rate to the pushbacks. The elapsed times
between 10 and 30 minutes of Fig. 8 and between 65 and 70
minutes of Fig. 10 have zero departure queues, due to the low
demand for takeoffs.
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Fig. 7. Traffic Demand (RWY 33L and 33R)
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Fig. 10. Runway Departure Queue (RWY 34)

The MILP case had very small queue sizes for both runways.
Base on the optimization results, departure aircraft were held at
the gates for a long time to avoid the possible conflicts on the
surface, such as over runways, and in the ramp and movement
area, resulting in the small departure queue sizes. Compared to
MILP, MMP had slightly longer queues, but still much smaller

than the Baseline case, except for the time between 70 and 110
minutes for RWY 34 seen in Fig. 10.

Figs. 11-13 show what caused this long departure queue of
the MMP case. Fig. 11 illustrates the taxi-out routes of the three
departure flights, ‘AAR711’, ‘HVN417°, and ‘AAR371’, and
the location of Spot SW that they should pass through to enter
the movement area. In Figs. 12 and 13, Actual Movement entry
Times (AMATSs) through Spot 5SW and their corresponding
ATOTs are shown as simulation results. At around 70 minutes
of elapsed time in the MMP case of Fig. 12, three departure
flights passed through Spot SW and entered the movement area.
Since the path from Spot SW to RWY 34 is a single path in the
simulation, the order of passing the spot is the same as the
takeoff order. According to the MDI restrictions given in
TABLE 1, the required separation between ‘HVN417’ and
‘AAR371’ is 6 minutes based on MDI No.10, and the 2-minute
separation is required for both of the pairs ‘AAR711’-
‘HVN417°, and ‘AAR711’-‘AAR371’. (Note that the wake
turbulence categories of these three aircraft are all Heavy.) At
the moment that MMP provides the TSATs of these three
aircraft to SOSS, the desired order of spot passing was
‘HVN417’-‘AAR711’-‘AAR371’. In the simulation result,
however, ‘AAR711’ passes through the spot before ‘HVN417’
and enters the movement area. As a result, ‘AAR371’ had to
wait for a takeoff clearance until the minimum separation
requirement, which is 6 minutes with ‘HVN417’, was met and
caused a long departure queue on RWY 34 after that. This is
because the MMP does not have a suitable model for taxiway
scheduling. MMP has no functionality to consider the possible
conflicts between the aircraft on the surface. On the other hand,
the possible conflicts during the surface movement were
considered in the taxiway scheduling [13] of the MILP case, and
the simulation result shown in Fig. 13 illustrates that the three
departure flights passed Spot SW with the desirable order and
sufficient separations.

Fig. 11. Spot 5SW and the Taxi-out Routes of ‘AAR711°, ‘HVN417’, and
‘AAR37D’

In the real operation at ICN, the alternative taxi route indicated
by the green arrow in Fig. 11 can be used to address the problem
of the spot passing order, when different from the scheduling
results, by allowing the aircraft to form multiple departure
queues.



Destination airport VHHH RCTP VVNB ZGSZ ZSWH EFHK  VHHH

FIR exit fix MUGUS MUGUS LAMEN LAMEN AGAVO AGAVO MUGU:

CallSign KAL613 AAR711HVN417 AAR371JJAB501 FIN42 CPA41

ATOT (RWY34) % K oAk He
// 756 775 — 835

/

*
*
*

AMAT (Spot 5W):-

75 80 85 90

Fig. 12. AMATSs and ATOTs of the MMP case
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Figs. 14 and 15 depict the accumulated runway throughputs
of the two departure runways. Because of the minimum value
of the runway separation requirement between departures,
which is 120 seconds, the maximum throughput of a runway is
limited to a certain value (e.g., 7 per 15-minutes time interval),
regardless of the runway pressure. In the comparisons of the
accumulated runway throughputs of RWY 33L in Fig. 14, there
are no significant differences in the accumulated throughput
curves despite the relatively small departure queues of MILP
and MMP. The accumulated throughput curve of the MMP case
in Fig. 15 is even apparently ahead of that of the Baseline case
during 25-60 minutes of elapsed time. This result indicates that
both MILP and MMP deliver the aircraft to the runways early
enough not to let the runways dry out.
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Fig. 15. Accumulated Runway Throughput (RWY 34)

In Fig. 15, the accumulated throughput curve of the MMP is
slightly behind those of the Baseline and MILP during 75-110
minutes of elapsed time, and which implies the delayed takeoffs
from RWY 34 during that time. It corresponds to the long

departure queues of the MMP case shown in Fig. 10, and was
caused by the wrong order of spot passing depicted by Fig. 12.

Fig. 16 shows the average separation times between takeoffs
on RWY 34, which had only departure flights as runway
operations. The separations between takeoffs were measured by
the actual time separation between two consecutive takeoffs,
except for the ‘no departure queue’ cases when the following
aircraft took off without waiting in the departure queue, in order
to exclude the large separations induced by low traffic demand
for takeoffs. This is because, whereas it has been confirmed that
MILP and MMP provide the appropriate gate holdings not
making the runways dry out, we want to further confirm whether
the greedy style algorithm of MMP worked properly for its
purpose of reducing runway separations by sequencing the
takeoffs of departure flights while meeting the MDI restrictions.
In the results shown in Fig. 16, the average separations between
takeoffs were slightly reduced by the changes in takeoff
sequences of both MILP and MMP, compared to the Baseline.
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As mentioned previously, the expected landing times of
arrival flights, as well as their transit times to the departure
runway crossing points after landing, were given in the MILP,
and all of them were incorporated into the optimal surface
scheduling. Fig. 17 shows the delay time changes by
uncertainties in expected landing times. The subscript “2”
denotes the simulation using the modified scenario in SOSS,
whereas the subscript “1” represents the original simulation
results shown in Fig. 6.
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Fig. 17. Delay Time Changes by Uncertainties

To model the uncertainty of arrival landing times in the modified
scenario, we changed the initial landing times of arrival flights
according to the uniformly distributed random values between —
2 minutes and +2 minutes, whereas all the pushback ready times
are given as the same with those in the original scenario. For the
surface scheduling of both MILP and MMP, the original values
of the expected landing times and pushback ready times were
given. In MILP, the taxi delay has been significantly increased
due to the uncertainties of the given information about landing



aircraft. However, in MMP, the uncertainties do not have that
much effect on delay times. This is probably due to the more
frequent scheduling updates based on MMP’s short computation
time. The more frequently the surface traffic situation is updated
and scheduled, the more robust to the uncertainties the scheduler
will be.

VI. CONCLUSIONS

In this paper, a tactical scheduler for surface metering
satisfying MDI restrictions was developed for Incheon
International Airport (ICN). Due to the geographical location of
ICN, such as the short distance to the FIR boundary and the
heavy traffic volume concentrated toward the west, over 90% of
departures fly under the MDI restrictions. A large number of
departures required to meet the MDI restrictions, especially the
fact that most of them have to comply with multiple MDIs
simultaneously, causes heavy workload to the controllers. To
help address this problem, criteria to impose MDI restrictions to
a departure flight were first formulated into a software readable
table form, and then a greedy type heuristic algorithm was
developed to provide departure schedules that satisfy the MDI
constraints. The heuristic algorithm was tested in the fast-time
simulation using NASA’s SOSS. The scheduling performances
were compared with the baseline simulation and another
simulation using MILP-based optimal scheduling results, which
represent the current day operations and the optimized schedule
for minimizing the total taxi delay times, respectively. The
scheduling performance comparison results indicate that the
MILP case had the minimum taxi delays, but the gate holding
times were increased to avoid the expected conflicts on runways
or in the ramp and movement areas. On the other hand, the
simulation using the MMP, where the tactical scheduler
proposed in this study is used, resulted in longer taxi delay, but
the total delay was similar to that of the MILP due to less gate
holding. The detailed model for runway operations and surface
movements in the MILP-based optimization in the previous
study [13] could make the scheduling algorithm more sensitive
to the uncertainty of the given information. The heuristic
algorithm proposed in this study showed reasonable
performance with the robustness against traffic uncertainties,
such as uncertainty in estimated arrival times, and the less
computation time for real-time operations.

The proposed MDI formulation and the scheduling
algorithm for surface metering were implemented in the
prototype of the decision support tool, MMP, which has been
installed and is being tested at ICN. The scheduling performance
will be continuously validated and evaluated through the
analysis of data gathered in shadow mode operations at ICN.
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